Continuous mass balancing defines a new standard in data quality validation. Likewise relying on the principles of mass conservation it outperforms long-term static mass balancing approaches because faults in data can be assigned to their time of occurrence. This research was carried out with practical application to routine operational data in mind and two major aspects are investigated to make this application feasible. Sludge concentrations of typically balanced components (chemical oxygen demand, total nitrogen, total phosphate) are not routinely measured in wastewater treatment plants. Therefore they need to be determined from alternative, more frequent measurements such as total suspended solids. To provide the necessary statistical basis for such determination, monthly sludge sampling was found sufficient. Further, contrary to long-term static mass balancing, the effects of delay between input and output loads must not be neglected in continuous mass balancing based on daily data. While a storage/release approach did not give the desired results, the consideration of hydraulic retention (first-order flow dynamics) fundamentally improved the performance of the proposed method.
INTRODUCTION
Two fundamental aspects of continuous data quality control by mass balancing of operational data are addressed in this work. One is the determination of the concentration of components of sludge flows by using alternative measurements, the other is the influence of storage and retention on short-term balances. The aim is to provide a simple method for practical implementation of continuous data quality control.
Mass balancing is a means of gross error detection in measurement data and the fundamental idea behind data reconciliation. Relying strictly on the laws of mass conservation, mass balances must only be carried out for conservative components that can be measured in all input and output streams of a system. Pure elements are always conservative in wastewater treatment and one typical balanceable element is (total) phosphorus. Nitrogen balances are also possible, however when denitrification is involved, off-gas nitrogen is usually not measured. Another typically balanceable 'component' is chemical oxygen demand (COD), which is basically a sum parameter for free electrons. Other commonly measured components are not conservative and therefore subject to reactions. Mass balancing based only on measuring the concentrations of such components is not generally possible. An example is total suspended solids (TSS), because biomass grows converting dissolved organic material into particulate material. For appropriate subsystems (such as a dewatering unit when TSS is considered) Common approaches to mass balancing require steadystate data (Narasimhan & Jordache ). For highly dynamic wastewater treatment systems this is usually achieved by considering mean values over rather long time periods (at least two sludge ages, typically several months). In perfect steadystate, the total input load of a component into a system is equal to the total output load when no accumulation or release occurs. The value of mass balancing as the most important approach to redundant data quality control is widely agreed Continuous mass balancing, contrary to the static approaches typically used in wastewater treatment, reveals the temporal behavior of the balancing error. The application of CUSUM charts for mass balancing was labeled 'dynamic mass balancing' in a previous paper (Spindler & Vanrolle- ghem ) to differentiate from the established approaches.
However, as this approach does not actually target process dynamics, the naming was changed to 'continuous mass balancing'. It allows to distinguish unbalanced from well-balanced time periods in a data set or to continuously monitor the integrity of operational data. The CUSUM chart, a control chart based on a modified cumulative sum and first introduced by Page (), has been proven suitable for continuous balancing of flow data from wastewater treatment plants (WWTPs) by Spindler & Vanrolleghem () . In their study, the variance of the vector of (daily) balancing errors was found to be an important indicator for good data quality. It also influences the applicable parameters (and therefore sensitivity) of a CUSUM chart. A high variance of the vector of balancing errors requires a higher sensitivity of the CUSUM chart in order to detect off-balance periods, which leads to slower detection and vice-versa. See Appendix A (available online at http://www.iwaponline.com/wqrjc/050/056.pdf) for a short introduction to CUSUM charts. The present paper investigates the application of CUSUM charts to general mass flow data from wastewater treatment with a focus on requirements regarding the handling of sludge loads.
In practice, concentration measurements at WWTPs are usually conducted in flow proportional 24 h composite samples. Daily loads are then calculated from the product of this average concentration and the cumulated flow of the respective day. Therefore, in this research, continuous mass balancing is applied to daily loads. It follows that measurements are preferably taken daily, without interruption. This requirement is most commonly met for most flows and the concentrations of influent, effluent and reject water, but is hard to achieve for concentrations in primary sludge (PS), waste activated sludge (WAS) or digested sludge (DS). Measurement of typical balanceable sludge components (total phosphate (TP), total nitrogen (TN), COD) is complicated because it requires thorough disintegration of the samples and small but representative sample volumes which are difficult to obtain. Therefore, and because these data are circumstantial for daily plant operation, this type of measurement is usually not carried out in practice.
Owing to the nature of wastewater treatment, sludge streams are part of virtually every balanceable subsystem of a WWTP. For operation and documentation they are usually characterized by volume and concentration of TSS.
Organic and inorganic constituents of sludge are measured as volatile and non-volatile suspended solids (VSS and NVSS). TSS, VSS and NVSS are routine parameters and regularly measured on a daily basis. Grab samples are usually sufficient because sludge characteristics change only slowly. Only PS is subject to faster fluctuations but thickened PS can be analyzed instead or online TSS measurement is employed to determine an average value.
A common approach to quantify balanceable sludge components is their determination from TSS or VSS, assuming stable proportionality between the two factors. This is a rational approach, particularly for nitrogen and COD concentrations of WAS and DS, because nitrogen is a constituent and COD a property of the biomass of which only the organic fraction of sludge is composed. Phosphorus, on the other hand, can also be chemically precipitated, thus becoming a constituent of the inorganic fraction of WAS and DS. Ekama () includes an overview of literature values on COD and nitrogen concentrations of primary and activated sludge (AS): COD/VSS ratios of AS vary between 1.42 and 1.55, for PS the range is even larger. Nitrogen and phosphorus are also often analyzed to determine nutrient levels for agricultural application. Their concentration in sludge depends heavily on the wastewater composition and treatment and ranges between less than 1 and 10% of TSS (Scharf et al. ) . The temporal stability of the relations between balanceable sludge components and VSS or TSS within a single sludge is decisive for the reliability of this (4))
An increasing sludge concentration (storage, ΔS 
with τ ¼ V/Q (hydraulic retention of the balanced compound) integration yields
Equation (5) Reactions only alter the distribution of a component between different output paths, they do not change its total sum.
For the calculation of the daily error vector, the expected mean output concentration for 1 day (t ¼ 1, index i) is calculated assuming a constant (mean) influent concentration and flow and a constant volume
The expected output load is calculated from the expected mean output concentration
This expected output load, which is basically calculated from the measured input load (see Equation (7)), is then balanced against the measured output load. An example is given in the results.
In case two output paths exist, retention needs to be considered for the slow path only (usually related to the sludge).
For example, methane is produced almost instantly from the organic input load in an anaerobic digester. The delay between input and gas production (fast output path) can be neglected when dealing with daily mean data. The DS, however, has a rather long retention time and delay has to be accounted for. This is achieved by calculating a virtual input concentration discounting the fast output load from the actual input load. In this way, Equation (5) has to be solved only for one x out , which is the way it was specified.
One important question remains: how should the initial concentration in the tank be chosen? It could either be the measured or the previously predicted concentration. In Equation (7), the latter (x out,expected,i-1 ) was chosen. This value has great influence on x out,expected,i . In fact, with long hydraulic retention, x out,expected,i depends almost entirely on the initial concentration (It holds: lim(exp(Àx),
If measured values are used, the expected output concentration x out,expected,i is heavily influenced by the measured output concentration x out,i-1 . This leads to deterioration of the actual balance (where x out,i is balanced against x out,expected,i ). Therefore, only the initial value x out,0 is taken from measurements, thereafter this value is taken from x out,expected,i-1 of the previous day. This way, all x out,expected are (almost) only calculated from the input which is a precondition for balancing against the measured values x out .
CUSUM charts were calculated according to Spindler & Vanrolleghem () (see the Appendix for an introduction, online at http://www.iwaponline.com/wqrjc/050/056.pdf).
In this previous work, the method was found to reliably detect even small deviations of the balancing error from the expected zero mean in the case of systematic measurement errors. The CUSUM parameters have to be chosen carefully.
Once the choice of an average in control run length ARL 0 is made, the control limit h depends only on the reference value k. It was calculated using the spc package ( 
RESULTS AND DISCUSSION
The first part of this work was concerned with the determi- Table 1 can be achieved when the regression is based on monthly data instead of weekly measurements. The probability for the residuals' two standard deviation range to increase by more than 10% above its original value is below 3% in all cases (data not shown). MCS was based on the best available model for each sludge and concentration, in most cases including seasonality. When only quarterly data are simulated, these results cannot be reproduced. Only data that are not influenced by seasonality can be reliably determined from measurements at this low frequency. Daily input loads (calculated from flow and concentration):
Continuous balancing
Daily output loads:
The error vector without consideration of storage and retention follows as:
Storage and release are easily integrated into (I) as additional loads:
For consideration of hydraulic retention, the two output paths have to be considered separately. Methane is produced from input COD practically without delay (fast output path). Hydraulic retention occurs for the DS (slow output path). The virtual input concentration is therefore calculated from the difference between input load and the fast output load
The expected output load results from the virtual input concentration (the digester volume for calculation of τ i is 8,000 m 3 )
Finally, the error vector under consideration of hydraulic retention is:
Results are given in Figures 1-3 Through this study, the practical applicability of continuous mass balancing has been proven. For a successful outcome of any data evaluation effort including mass balancing, WWTP operators need to be encouraged to ensure balanceability of their measured operational data. This is best achieved by practically calculating those balances that contain the most important measurements but can also be facilitated by redundancy evaluation. In most cases, additional external measurements of sludge components and the corresponding, more frequent, onsite TSS and VSS measurements will be required.
Continuous mass balancing, mastering the insufficiencies of static balances, has the potential to become a standard for data quality verification not only in practice, but also in future pilot or technical scale scientific research within the field of wastewater treatment.
